Previous work indicates that aminoacyltRNA synthetases make a transient covalent adduct with cognate tRNAs, through Michael addition of an enzyme nucleophile to the carbon-6 position of uridine 8. We report the selective reduction of the 5,6 double bond of 4-thiouridine at position 8 in Escherichia coli tyrosine tRNA, so as to prevent formation of the presumed covalent enzyme-nucleic acid adduct. The completely reduced tRNA molecules are inactivated for aminoacylation. With partial reduction, a mixed pool of active and inactive molecules is created and the degree of inactivation exactly matches the extent of 4-thiouridine reduction. The active molecules recovered from this mixed pool are specifically unaltered at position 8. The results are consistent with the view that the covalent enzyme-RNA adduct is an obligatory intermediate for aminoacylation of this tRNA. Na BH4
Rules of the genetic code are established by aminoacyltRNA synthetases, which assign amino acids to specific trinucleotide sequences found in tRNA molecules (1) (2) (3) . While the mechanism of tRNA discrimination by synthetases is not known, there is evidence that synthetases form a transient covalent adduct through Michael addition of an enzyme nucleophile to the electrophilic C-6 position of the uracil ring at position 8 in the primary structure (4, 5) . [All prokaryote and cytoplasmic eukaryote tRNAs have a uridine or 4-thiouridine at position 8 (6) ]. It is not known whether this transient adduct is a necessary intermediate in aminoacylation. A covalent modification that blocks the site on a synthetase that interacts with uridine also inactivates the synthetase for aminoacylation (7) . The reciprocal experiment-selective alteration of the electrophilic center of uridine 8 within a specific tRNA-has previously not been done.
Elimination of the electrophilic center at C-6 of 4-thiouridine can be achieved by reduction with sodium borohydride (NaBH4) (8) . Reduction occurs at certain modified bases such as dihydrouridine, 7-methylguanosine, and 4-thiouridine ( Fig. 1 Upper) (8, 11, 12) . The two isoacceptors for E. coli tRNATyr contain 4-thiouridine at positions 8 and 9 but have no other modified bases known to be susceptible to NaBH4 (Fig. 1 Lower) (9, 10) . Unlike almost all other tRNAs, therefore, this species can be explored to assess the effect of reduction solely at 4-thiouridine.
METHODS
Kinetics of Inactivation of tRNATY' by NaBH4. 4-Thiouridine residues in tRNA characteristically absorb radiation at 335 nm (13) . The extent of thiolation of E. coli tRNA Yr was quantitated by comparing absorbance at 260 nm and 335 nm. A value of 20 for A260/A335 was taken to indicate complete thiolation (14, 15) . Yeast tRNAs, which do not contain 4- thiouridine, have a value of 140 for A260/A335 (11) . This num- and one is incorporated from the solvent (8) . (Lowver) Primary structure of Escherichia coli tRNATYr. The structure is drawn in a cloverleaf diagram and T1 ribonuclease oligonucleotides have been enclosed by broken lines and labeled with italic numbers (9, 10) . The solid lines enclose oligonucleotides shown previously to photocrosslink to bound tyrosyl-tRNA synthetase. Two isoacceptors (I and 1I) of the tRNA are distinguished by the indicated base changes (C *-* A, U *-C) on the lower right. S4U, 4-thiouridine; G2'ome, 2'-0-methylguanosine; Q, queosine; ms2i6A, N6-(A2-isopentenyl)-2-methylthioadenosine; i, pseudouridine. ber was used to determine background absorbance at 335 nm. Reduction by NaBH4 (Sigma) was carried out according to Cerutti et al. (8) 
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terial (16 (8) and chromatographed alongside the tRNA sample. Spots were visualized by fluorography (20) .
Localization of 3H to a Single T1 Ribonuclease Oligonucleotide. Highly reduced NaB3H4 tRNATYr ( Fig. 2 ) was digested with T1 ribonuclease (Sankyo, Calbiochem) (19) and then subjected to high-voltage electrophoresis at pH 3.5 on cellulose acetate (Schleicher & Schuell) in the first dimension and homochromatography on DEAE-cellulose HMN 300 plates (Brinkmann) in a 50 mM "homomix" in the second (19) . The relative position of the labeled oligonucleotide in the second dimension was determined by comparison to a standard "fingerprint" of 32P-labeled T1 ribonuclease oligonucleotides from tRNATYr (R. Reilly, personal communication).
Localization of Reduced 4-Thiouridine Residues in Different tRNA Populations. A population of tRNATYr molecules (7 A260 units, 75% initial thiolation) with approximately 50% aminoacylation activity was generated by partial reduction with NaBH4 ( Fig. 2) and subsequently aminoacylated for 10 min, using the reaction conditions described above, except that [14C]tyrosine (ICN, 225 mCi/mmol) was used at an amino acid-to-tRNATYr mol ratio of about 3:1. The tyrosine moiety of Tyr-tRNATYr was then derivatized with N-hydroxysuccinimide phenoxyacetic acid ester (Sigma) by following the procedure of Roy et al. (21) . The mixed population of Nphenoxyacetyltyrosyl-tRNATYr and tRNATYr was then applied to a column of benzoylated diethylaminoethylcellulose (22, 23) (2-ml column, gift of Regina Reilly) at room temperature in an initial buffer of 50 mM NaOAc, pH 5.0/10 mM MgCl2/0.4 M NaCl/0.01% NaN3 (21) . The column was washed with 15 ml of initial buffer followed by 10 ml of 7% (vol/vol) ethanol/1.5 M NaCl in initial buffer. All underivatized molecules are removed in this wash. A linear gradient of 7-40% ethanol in 1.5 M NaCI and initial buffer was then used to elute a clean pool of phenoxyacetyltyrosyl-tRNATYr. The two pools were concentrated at room temperature by using pressure membrane filtration with a YM-5 membrane (Amicon) and washed with 50 mM NaOAc, pH 5. After precipitation with ethanol, they were deacylated by incubation in 2 M Tris HCl, pH 8.3, for 2 hr at 37°C (21).
The two column pools, an aliquot of fully reduced, inactive tRNATYr, and an unreduced control sample were incubated for 4 hr at 500C in 50 mM sodium citrate, pH 2.9 (24) .
The samples were then labeled at the 3' end by using T4 RNA ligase (0.5 unit, New England Nuclear) and cytidine 3',5'-bisphosphate labeled with 32P at the 5' position (60 Ci, 2800 Ci/mol, New England Nuclear) for 20 hr at 40C in 50 mM Tris HCl, pH 7.6/50 mM ATP/10 mM dithiothreitol/ 20% (vol/vol) dimethyl sulfoxide/10 mM Mg(OAc)2/0.01 mg of bovine serum albumin per ml (25, 26) . The samples were purified on a 12% polyacrylamide/50% urea gel (0.4 mm X 36 cm) (27) and'eluted overnight at 37TC in 0.5 M NH4 OAc/ 0.1% sodium dodecyl sulfate/0.1 mM EDTA/0.001% Triton X-100/>20 Ag of carrier rRNA (Boehringer Mannheim) per ml (28) . Acrylamide pieces were removed by passage through a Millex GV 0.22-,.um-pore filter (Millipore) and the samples were precipitated with ethanol three times and then washed with 95% ethanol. Aliquots were then incubated at 37°C for 4 hr in 0.3 M redistilled aniline-HCl, pH 4.5 (gift of Professor Lee Gehrke), or 50 mM NaOAc, pH 4.5 (24) . After precipitation with ethanol, products were boiled for 90 sec in 90% (vol/vol) deionized formamide, chilled on ice, and then displayed on a 10% polyacrylamide/50%o urea gel (0.4 mm x 36 cm) and visualized by autoradiography With an intensifying screen at -70°C (27) . A T1 ribonuclease digest ladder and an alkaline ladder (27) were used to locate the products. Reduced tRNATYr is not cleaved in the absence of aniline and acid/aniline incubation does not result in cleavage of unreduced tRNATYr (data not shown). Fig. 2 Upper illustrates the time-dependent loss qf aminoacylation activity of tRNATYr upon reduction'with NaBH4. (There is no inactivation in the absence of reductant.) Inactivation follows first-oider kinetics down to 3% activity. Addition of 10-fold more enzyme to the inactive molgcules produces no additional aminoapylation. This shows that reduced tRNATYr molecules are not simply aminoacylated at a low rate.
RESULTS
The actual extent of reduction can be independently monitored in two ways. One is through loss (upon reduction) of the characteristic 4-thiouridine-absorbance at 335 nm'(13).
The other is by measurement of incorporation into tRNATYr of 3H from NaB3H4. Fig. 2 Lower shows the linear correlation of activity loss with loss of A335 and with incorporation of 3H from NaB3H4. Fig. 2 shows that a single site is the target for inactivation.
To confirm further that refuction of 4-thiouridine is responsible for inactivation, cyanogen bromide was used to selectively oxidize 4-thiouridine to iridine, before treatment of tRNATYr with NaBH4 (17) . Uridine is not susceptible to reduction under the conditions employed (11) . These pretreated molecules are not inactivated upon incubation with NaBH4 (Fig. 2 Upper) . The observed effect of reduction on aminoacylation activity of tRNATYr resides solely, therefore, in selective modification of 4-thiouridine residues.
Further proof that 4-thiouridine is the target site for inactivation was obtained by chromatographic analysis of products of ribonuclease digestion of reduced, inactive tRNATYr. Fig. 3 Upper shows that enzymatic digestion to mononucleosides of tRNATYr, which has been extensively reduced with NaB3H4, yields one major product. A reduced 4-thiouridine standard migrates identically and the Rf value of 0.26 corresponds to that published for authentic N-ribosyl-2-oxo [4,4,6- 3H]hexahydropyrimidine (8) . The results show that tritium is incorporated only into 4-thiouridine of tRNATYr.
Fully reduced tRNATYr was also digested with T1 ribonuclease and the oli §onucleotide products were subjected to standard fingerprint analysis (19) . In the nucleotide sequence, the two adjacent 4-thiouridine residues occur in the same Ti ribonuclease hexanucleotide (see Fig. 1 Lower). active molecules that are reduced are reduced only at position 9 and that position 8 retains the unsaturated uracil ring.
DISCUSSION
The transient covalent interaction between Tyr-tRNA synthetase and tRNATYr, and between other synthetase-tRNA pairs, was demonstrated previously (4). These earlier data did not show, however, whether the transient adduct is necessary for catalysis of aminoacylation. More recent data have shown that blockage (on synthetases) of the site that interacts with uridine results in enzyme inactivation (7) . The experiments presented here show that elimination of the electrophilic center, at the C-6 position of the critical uridine 8 site of the tRNA substrate, results in loss of activity. Sitedirected modifications of both enzyme and substrate have now been achieved, therefore, and in both instances catalysis of aminoacylation is prevented by the modification. The interpretation of site-directed modification and mutation studies is always qualified by the possibility that un- directly that the 4-thiouridine residues are the targets for NaBH4 reduction and inactivation of tRNATYr
The results.presented above show that, although 4-thiburidine occurs at both position 8 and position 9 in tRNATYr, modification of only one of the two is responsible for inactivation. To identify the target site, tRNATYr was reduced to approximately 50% residual activity and active molecules were selectively recovered from this pool and analyzed to determine whether they were specifically modified at position 8 or position 9. Reduced 4-thiouridine residues were located in the tRNA by treatment with acid followed by aniline. Saturation of the uracil ring labilizes the glycosylic bond and allows specific remoVal of the base by acid (8, 29) . When buffered at pH 4.5, aniline selectively cleaves the RNA backbone at sites where a base has been excised (24, 30) . Fig. 4 shows the results of this analysis applied to 3'-endlabeled tRNA populations. Mild treatment with acid and aniline favors a single cleavage per tRNA chain. Fully reduced and inactive tRNATYr thus gives the two 3'-labeled fragments which correspond to a single break at position 8 and at 9. There are no other products. A mixture of active and inactive molecules produces the same two products. Active molecules recovered from the pool of active and inactive species show cleavage solely at position 9. The results imply that specified structural (or conformational) changes in the molec~eas a whole, rather than at the modified site per Se, are responsible for an observed change in activity. This qualification cannot be removed in the present instance, but two o0 servations are relevant. UV-induced crosslinkage of 4-thio~uridine at position 8 to cytidine at position 13 (when preseht) has been studied in several E. coli tRNAs (31) . The crosslinked adduct retains the 5,6 double bond conjugation at uridine 8 and, while reactivity for aminoacylation is reduced in a number of cases, it is not abolished even though the' structure is locally distorted (31) (32) (33) (34) . Other investigators have attached pendant groups to the sulfur moiety of 4-thiouridine 8 in a number of E, coli tRNAs. These modificatiQns preserve the 5,6 double bond and the modified tRNAs retiain acceptor activity (35) (36) (37) (38) (39) . Finally, the results in Fig. 4 show that reduction of the base adjacent to 4-thiouridine 8 doe's not inactivate tRNATyr. These results add weight to the idea that it is reduction per se of the 5,6 double bond in 4-thibuiridine 8, rather than a more general 'structural alteration, that blocks aminoacylation of tRNATr
